ecules are incorporated, the efficiency of targeted screening is significantly enhanced. In practice, biophysics techniques, including NMR, MS and SPR etc, are applied to screen for hit compounds that bind to target proteins (drug targets). Next, the structure of the protein-hit complex is solved with either X-ray crystallography or NMR [3] [4] [5] . Using the solved structure of the complex, the hit compounds are further optimized to enhance binding and druggability. As mentioned above, NMR technology plays an important role in FBLD, both in screening the fragment library and in identifying the binding interactions. To improve the efficiency of drug discovery, here we report the successful establishment of an NMR platform for FBLD and demonstrate its application with the discovery of compounds targeting an important epigenetic drug target, NMR-based platform for fragment-based lead discovery used in screening BRD4-targeted compounds Epigenetic traits are heritable variations in the patterns of post-translational modifications on histone proteins and in the methylation of DNA [6] [7] [8] [9] [10] [11] [12] [13] . Changing an epigenetic modification pattern can switch genes on and off, thus affecting cellular functions, and dysfunction of epigenetic regulation contributes to the development of multiple human diseases [14, 15] . Three classes of key epigenetic factors are writers, erasers and readers, which deposit, remove and recognize epigenetic modifications, respectively. Our target protein, BRD4, belongs to the BET subfamily of the bromodomain-containing protein family and contains two N-terminal bromodomains that read histone acetylation modifications [16, 17] . The human genome encodes 61 bromodomains, which are present in 46 proteins and are classified into eight distinct subfamilies [16, 18] . Dysfunction of bromodomains, including the members of the BET subfamily, have been reported to play important roles in the development of several aggressive types of cancer [19] . For example, the bromodomains of BRD4 promote human squamous carcinoma by forming a highly oncogenic fusion with NUT (nuclear protein in testis) [20] . Bromodomain proteins are promising epigenetic therapy targets for anti-cancer drug discovery and have already attracted extensive attention from medicinal chemists, in the growing field of bromodomain inhibitor discovery [21] . A large number of chemical scaffolds targeting bromodomains have been published [16, [22] [23] [24] [25] [26] . However, none of them have been approved as cancer therapies, and additional effort should be applied in this field.
In this paper, we applied an NMR-based screening method to search for novel chemical scaffolds targeting the first bromodomain of BRD4 (hereafter referred to as BRD4(I)) and identified seven novel scaffolds. By characterizing complexes of BRD4(I) and the hit compounds, the interactions between BRD4(I) and hit compounds were revealed, and the structureactivity relationships for several of the hit fragments were elucidated. Our data provide new information for BRD4-targeted drug lead discovery.
Materials and methods

Fragment compound library
The fragment library is an essential component of fragmentbased lead discovery, and its quality determines hit identification probability as well as lead druggability. Over the past decade, several strategies for constructing a fragment library have been proposed. The most familiar concept used in FBLD is the 'Rule of Three'. To generate our own fragment library, all of the small compounds in ZINC database were downloaded from the web site http://zinc.docking.org and filtered according to the following rules: 1. Molecular weight ≤ 300 Da 2. Rotatable bonds ≤ 5 3. logP ≤ 3.5 4. 1 ≤ smallest set of smallest ring ≤ 4.
Then, the resulting fragments were further clustered into groups with a Tanimoto similarity of 0.7 as the cutoff by using Pipeline Pilot software (version 7.5). Subsequently, the compounds labeled as the cluster center were selected as representatives of these clusters. To achieve a high diversity in the fragment library, only cluster-center compounds were selected and sent to two chemical vendors, Chemdiv and Enamine, for purchase inquiry. Finally, 800 fragments were purchased.
The 1 H-NMR spectra of these 800 compounds were acquired for water solubility determination and group (compound mixture) generation. 4-Aminobenzoic acid (also known as para-aminobenzoic acid or PABA), which exhibits good water solubility, was chosen as the reference compound for water solubility assessment. To prepare the standard curve, the 1D 1 H NMR spectra of PABA at concentrations of 50 µmol/L, 100 µmol/L, 200 µmol/L, 500 µmol/L and 1 mmol/L in the screening buffer were recorded, and the resulting integration values derived from the NMR signals of the PABA aromatic hydrogen were calculated and normalized to the sum of the NMR resonance intensity of DMSO. The standard curve was achieved by plotting the concentrations of PABA (horizontal axis) against the normalized integration values of its NMR signals (vertical axis). Then, the 1D 1 H NMR spectra for each compound at a calculated concentration of 200 µmol/L in the screening buffer were acquired. The actual experimental concentrations of these fragment compounds, which were closely related to their water solubility, were determined by fitting the normalized integration data for the compounds to the established standard curve. Compounds with water solubility less than 100 µmol/L in PBS buffer (20 mmol/L NaH 2 PO 4 /Na 2 HPO 4 , 100 mmol/L NaCl, 2% DMSO, pH 7.4) were excluded from the library. To simplify library screening, the remaining 539 compounds were clustered into 56 groups (8-10 compounds in each group) by following the rule of no significant NMR signal overlap in the spectra of mixed group compounds. For all of the 56 groups, DMSO-d6 stock solutions with a group compound concentration of 10 mmol/L were prepared and used for screening.
Protein sample preparation
Protein samples of the first bromodomain of BRD4 (BRD4(I): BRD4 N-terminal fragment spanning N44 to E168) were prepared as previously described [27, 28] . His-tagged BRD4(I) was expressed in Escherichia coli [BL21(DE3) competent cells] and purified by using a combination of affinity chromatography (Ni-NTA column) and size exclusion chromatography (HiLoad 16/600 Superdex 75 pg column) on an FPLC system. The FPLC fractions of BRD4(I) were concentrated and used in enzymatic assays, for crystallization and for NMR data collection.
15 N-and 13 C-labeled samples were produced by growth in M9 minimal medium with 15 N-labeled ammonium chloride and 13 C-labeled glucose as the nitrogen source and the carbon source, respectively.
NMR spectroscopy
All of the NMR data for BRD4(I) with or without the hit compounds were collected on a Bruker Avance III 600 MHz NMR spectrometer equipped with a cryogenically cooled probe at 25 °C. NMR data analysis NMR data processing and analysis were performed using the programs NMRPipe [29] , CARA [30] , and Sparky (Goddard and Kneller, Sparky 3, University of California, San Francisco). The chemical shift perturbation values (∆δ avg ) for 15 N and 1 H nuclei were derived from equation (1): in which ∆δ N and ∆δ H represent the chemical shift perturbation value of the amide nitrogen and proton, respectively. Crystallization and data collection Aliquots of purified BRD4(I) protein were prepared for crystallization using the vapor diffusion method. Crystals were grown by mixing 1 µL of the protein (9 mg/mL) with an equal volume of reservoir solution containing 6 mol/L sodium formate and 10% glycerol (Compound 1); 25% PEG 6000, 0.1 mol/L Tris, 0.2 mol/L MgCl 2 , pH 8.0 (Compound 6); or 20% PEG 3350, 0.2 mol/L NaNO 3 , 0.1 mol/L bis-Tris-propane, pH 8.5 (Compound 9). Crystals grew to diffracting quality within 1-3 weeks in all of the cases.
Hit compound screening
Data were collected at 100 K on the beamline BL17U at the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China). The data were processed with XDS software packages, and the structures were solved using PHASER2.3.0.
The search model used for molecular replacement was 4QR3 from the Protein Data Bank (PDB). All of the structures were refined using PHENIX. With the aid of the program Coot, the compound and water were fitted into the initial F o -F c maps. The complete statistics, as well as the quality of the solved structures, are shown in Supporting Information Table  S1 . The structures have been deposited in the PDB under the deposition codes 5HQ5, 5HQ6 and 5HQ7. The analysis of BRD4(I)-hit compound co-crystal structures were performed with LigPlot + [31] .
Fluorescence anisotropy binding assay
The binding affinities of the hit compounds for BRD4(I) were assessed by using a fluorescence anisotropy binding assay as described previously [27, 28] . All of the components were dissolved in a buffer containing 50 mmol/L HEPES, 150 mmol/L NaCl and 0.5 mmol/L CHAPS at pH 7.4 with final concentrations of 20 nmol/L BRD4(I) and 5 nmol/L fluorescent ligand. The test compound in step-wise concentration series or the DMSO vehicle and the above-mentioned reaction mixture were added into a Corning 384-well black low volume plate (CLS3575) and equilibrated in the dark for 17 h at 4 °C. Fluorescence anisotropy was read on a BioTek Synergy2 multimode microplate reader (λ ex =485 nm, λ em =530 nm; dichroic, 505 nm).
Results and discussion
Fragment library
To increase the efficiency of drug discovery, a combination of random screening and structure-based rational drug design is applied during FBLD. Biophysical techniques, including NMR, X-ray crystallography, and SPR, are the most commonly used screening and/or protein-compound complex characterization approaches in FBLD [32] . In this paper, we sought to establish an NMR-based fragment library for FBLD. Initially, 800 commercially available fragment compounds were selected by following the "Rule of Three" and were purchased. Next, the solubility of each compound in screening buffer (20 mmol/L NaH 2 PO 4 /Na 2 HPO 4 , 100 mmol/L NaCl, 2% DMSOd6, pH 7.4) was determined with 1D 1 H NMR spectroscopy. A total of 261 compounds with water solubility values less than 100 µmol/L were excluded from the library. To simplify library screening, the remaining 539 compounds were clustered into 56 groups (8-10 compounds in each group) by following the rule of no significant NMR signal overlap in the spectra of mixed group compounds (Supporting Information Figure S1 ).
Hit generation
Ligand-based NMR approaches (T1ρ, saturation transfer difference-STD, and WaterLOGSY, among others) and targetbased NMR methods ([ 1 H, 15 N] HSQC and [ 1 H, 13 C] HSQC) are two major classes of NMR techniques that are commonly used for the primary NMR screening of hit compounds [5] . In comparison with ligand-based 1D NMR approaches, which can only assess whether the ligand actually binds to the target, the www.chinaphar.com Yu JL et al Acta Pharmacologica Sinica npg target-based NMR methods are more time-consuming but can provide additional information to identify where the ligand binds on the target [33, 34] . Here, the ligand-based T1ρ and saturation transfer difference NMR experiments were applied to screen for BRD4-targeted hit compounds. After the primary group screening and the second round of single molecule evaluation, ten hits including (6,7-dimethoxy-quinazolin-4-yl)-ethyl-amine (compound 1), 2-chloro-6,7-dimethoxyquinazolin-4-ylamine (compound 2), ( Figure S2 -S11). All of these ten hit compounds, except compound 3 and 4, which share the same [1,2,4]triazolo[1,5-a]pyrimidin core structure reported to interact with BRD4(I) [35] , were identified to have novel scaffolds that down-regulated BRD4.
Inhibition activity of Hit compounds
Two cycles of the fluorescence anisotropy binding assay were performed to determine the inhibition activities of the ten hit compounds on BRD4(I). The first cycle of the binding assay tested the inhibition rates of the 10 compounds at a concentration of 100 µmol/L. The compounds (compounds 1, 2, 6, 8, and 9) clearly inhibiting BRD4(I) were identified. In the second round of experiments, the IC 50 values for compounds 1, 6, and 8 were determined to be in the hundreds of micromolar range (Figure 2 ). However, due to the low solubility of compound 2, its IC 50 value was not determined, although this compound did show an inhibitory activity comparable to that of compound 1 in the first-round fluorescence anisotropy binding assay. For compound 9, which exhibited a similar inhibitory activity to compounds 1 and 2, the IC 50 value was not determined due to its unexpectedly low stability. The inhibition activity data for four of the hit compounds (compounds 1, 2, 8, and 9) suggest that they are promising candidates for further BRD4-targeted hit-to-lead optimization.
Backbone resonance assignments of BRD4(I)
The classical strategy was applied to obtain the backbone resonance assignments of BRD4(I). In total, 105 non-proline residues were identified ( Figure 3) . Based on the backbone resonance assignment data, the secondary structural elements of BRD4(I) in solution were predicted according to the chemical shift index analysis (CSI) results [36, 37] . The consensus CSI (Cα) output suggested a canonical bromodomain global fold containing four α-helices (helix Z: Q64-W75, helix A: M107-E115, helix B: A122-C136, helix C: I146-Q159) ( Figure 3 ) [38] . The NMR data indicated that the global solution structure of BRD4(I) showed no significant differences from its crystal structure.
Characterization of BRD4(I)-Hit compound interactions
It has been well established that bromodomains share a conserved global fold composed of a left-handed bundle of four α-helices (α Z , α A , α B and α C , Figure 3 ) that are linked by diverse ZA and BC loop regions (Figure 3 ) [38] . The aromatic and hydrophobic residues in the ZA and BC loops form a recognition pocket for endogenous bromodomain ligands, acetyl-lysine histones. When acetylated lysine on an acetyllysine histone binds to the bromodomain, it becomes anchored to a conserved asparagine residue (N140 in BRD4(I)) through a hydrogen bond between the acetyl moiety and the sidechain of the asparagine residue, and extensive hydrophobic interactions between the acetylated lysine and the hydropho- [16, 38] . To date, all of the bromodomain inhibitors developed competitively bind to the endogenous ligand recognition pocket. Based on the presence or absence of moieties that act as acetylated lysine mimetics, these inhibitors can be classified into two groups. The bromodomain inhibitors in the non-acetylated lysine mimetic group interact but do not form the canonical hydrogen bond with the conserved asparagines (N140 in BRD4(I)), whereas the other class of bromodomain inhibitors directly engages the protein module by forming the canonical hydrogen bond [16] . To categorize the novel BRD4-targeted scaffolds and extract the structure-activity relationship information, we characterized the BRD4(I)-hit compound interactions with biophysical techniques, including NMR and X-ray crystallography.
First, the NMR [ 1 H, 15 N]HSQC experiments were used to characterize the interactions between hit compounds and BRD4(I). The [ 1 H, 15 N]HSQC spectrum commonly serves as a "fingerprint" of the protein backbone. Each 1 H-15 N cross peak in the HSQC spectrum represents a resonance peak from a single HN group on a specific amino acid residue in the protein (Figure 3) . Because the chemical shift value at which an atom resonates is sensitive to its chemical environment [39] [40] [41] , amino acid residue-specific CSP are observed in the [ 1 H, 15 N] HSQC spectrum of a target protein upon ligand binding. Protein residues at contact surfaces or structural changes to the target protein induced by ligand binding can be identified through CSP analysis of the target protein upon titration of its binding partners (ligands). For BRD4(I)-hit compound (compounds 1, 6, 7, 8, 9, and 10) complexes, the CSP analysis was performed by two dimensional [ 1 H, 15 N] HSQC on uniformly 15 N-labeled BRD4(I) with or without the addition of a 10-fold molar excess of the hit compounds ( Figure 4 , Supporting Information Figure  S12 -S17). The BRD4(I) residues significantly perturbed upon the binding of hit compounds were then identified ( Figure 4 ). These residues clearly grouped into the ZA-loop segment (K76 to D106) and the BC-loop region (Y137 to A150) of BRD4(I) (Figure 3, Figure 4 ), indicating that all of these hit compounds bind to the endogenous ligand recognition pocket of the target protein. Moreover, the extremely hydrophobic residue W81 in BRD4, which is in the outer region of the ligand binding cavity, showed significant CSP with the addition of compounds 8, 9 or 10. This suggests that hit compounds 8, 9 and 10 might occupy a wider space when interacting with BRD4(I), and this observation might be attributed to the bulky moieties attached to the core structures of these three compounds (Figure 1) .
We sought to characterize the interactions between hit compounds and the target protein by solving the structures of the complexes. After extensive effort, the crystal structures for the complexes of BRD4(I)-compound 1, BRD4(I)-compound 6 and BRD4(I)-compound 9 were successfully determined ( Figure 5 , Supporting Information Table S1 ). According to the structures, two of the three hits (compound 6 and compound 9) are acetylated lysine mimetic inhibitors, and compound 1 is a non-acetylated lysine mimetic inhibitor ( Figure 5 ). Interestingly, although it has been reported that non-acetylated lysine mimetic inhibitors usually exhibit weak binding affinities for bromodomains [16, [42] [43] [44] [45] , compound 1 showed moderate inhibitory activity toward BRD4(I) (Figure 2 ). This observation might be explained by the interaction plot data extracted from the complex structure of BRD4(I)-compound 1 ( Figure 5 ), which suggest that compound 1 fits well into the ligand binding pocket of BRD4(I), and extensive hydrophobic interactions are formed between the compound and the target protein (Figure 5) . The scaffold related to compounds 1 and 2 might represent a good starting structure for development of non-acetylated lysine mimetic inhibitors. Of the two acetylated lysine mimetic inhibitors (compound 6 and compound 9), compound 9 showed stronger binding affinity and more hydrophobic interactions ( Figure 5 ). We believe that these results might be attributed to the additional hydrophobic interactions formed between the methyl benzyl group of compound 9 attached to its core structure and the WPF shelf (W81, P82 and F83) of BRD4(I) (Figure 4, Figure 5 ). However, because compound 8, which has a smaller chemical moiety attachment, exhibited the largest inhibitory activity towards BRD4(I) (Figure 2 ), changing the ring size of the methyl benzyl group in compound 9 might enhance its inhibitory activity.
In summary, FBLD and design has become a promising complementary approach for drug development. In this paper, we report the successful establishment of an NMRbased fragment library and research platform for FBLD studies in our institute. Utilizing our NMR-based FBLD platform, seven BRD4-targeted novel scaffolds and the related structureactivity relationship information were successfully obtained. Moreover, the inhibitory activities of compound 1 and compound 8 on BRD4(I) had IC 50 values of 265.54 µmol/L and 106.62 µmol/L, respectively. Compounds 2 and 9 showed a similar inhibitory activity to that of compound 1 in the first round of fluorescence anisotropy binding assays (their IC 50 values could not be accurately determined due to either the low solubility or the low stability of the compounds). The inhibition activity data indicate that compounds 1, 2, 8 and 9 have potential for further BRD4-targeted hit-to-lead optimization. It is worth of noting that of the four candidates, compounds 1 and 2 share a common quinazolin core structure and bind 
